Abstract-The fractional slots tooth concentrated windings are characterized with high space MMF harmonics which results to undesirable effects on electric machine, such as localised core saturation, eddy current loss in the rotor and noise and vibration. A new and high efficiency method is presented in this paper to reduce simultaneously the sub-and high MMF harmonics of these winding types. The method is based on doubling the number of stator slots, using two identical winding systems connected in series and shifted to each other for a specific angle, using stator core with different tooth width and using different turns per coil for the neighbouring phase coils. With the proposed technique the unwanted sub-and high winding MMF harmonics can be reduced or completely canceled.
I. INTRODUCTION
Permanent magnet synchronous machines (PMSM) with non-overlapping concentrated windings are becoming more and more attractive solutions for different industry applications. The concentrated winding machines have potentially more compact designs compared to the conventional machines with distributed windings, due to shorter and less complex end-windings. With such windings, the volume of copper used in the end-windings can be reduced in significant proportions, in particular if the axial length of the machine is small. In modern applications where multi-pole machines are needed, fractional slot winding arrangement with number of slots per phase and per pole less than one (q<1) have become an attractive alternative for traditional solutions. The machines with a number of slots per pole and per phase between 1/2 and 1/3 such as the 12-slots per 10-poles machine, generally present higher performances and is widely used in many industry application. A PM machine with 12-slots and 10-poles is illustrated in the following figure 1. Its stator winding differs from that of conventional PM machines in that the coils which belong to each phase are concentrated and wound on adjacent teeth, as illustrated in figure 1 , so that the phase windings do not overlap.
Using fractional slot tooth concentrated windings (FSCW) different combinations of numbers of poles and numbers of teeth are possible [1] [2] [3] . However, the magnetic field of these windings has more space harmonics, including sub-harmonics.
These unwanted harmonics lead to undesirable effects, such as localized core saturation, eddy current loss in the magnets [4 to 5] , and noise and vibration [6 to 9] , which are the main disadvantages of these winding types. There have been several works in the last decade devoted to improve the performances of the FSCW, regarding to reduction of winding sub-harmonics [10 to12 ]. By using these techniques proposed in these works, the sub-harmonics of the considered winding can be reduced or even canceled, however the other higher MMF harmonics still are presents in the machine and represents an serious problem further for the rotor losses and especially for the noise and vibrations. Therefore, the aim of this work was to presents a novel method for simultaneously reducing the sub-and high winding space harmonics of the tooth concentrated windings. In the following work the proposed technique is implemented for the 12-slot/10-poles winding, however it is available also for different m-phases FSCWs. 
II. ARMATURE REACTION MMF ANALYSIS
In machines with fractional slot windings, the windings are not sinusoidally distributed and the resulting air-gap flux density distribution may be far from being sinusoidal. By analysing the stator winding magnetomotive force (MMF) and its space harmonics gives the main information about the Using Fourier series function the MMF distribution for the 12-slots/10-poles winding shown in the above figure 2-a can be described using the following equ. (1) .
with,
where, m ν Θ is the amplitude of the v-th MMF space harmonic, w ν ξ is the winding factor, î is the phase current amplitude, δ is the load angle, ω is the angular frequency, N is the number of turns per coil, and ν is the space (MMF winding) harmonic.
III. A NOVEL 24-SLOTS/10-POLES WINDING TOPOLOGY
To use the advantages of the 12-slot/10-poles permanent magnet machines, but to avoid the disadvantages described briefly in the previous section, a new winding topology is presented in [13] using the following modification steps:
-the 12-slots / 10-poles conventional concentrated winding is divided in two separate winding systems,
-both windings are identical, are connected in series and are supplied by the same inverter, and -the second winding is shifted mechanically for a specific angle referred to the first winding.
Therefore, using two identical winding systems shifted in space for a given shifting angle w α the resulting MMF for the new winding is [13] :
where, with Z ν ξ is denoted the distribution factor,
It is important to underline here that, if the same stator topology is used for the new winding, then according to fig. 1 and equ. (3) that the reduction of the 7 th space harmonic is also possible if the winding systems are shifted for a multiple of one-half of the tooth pitch 1) . Therefore, the realization of the new winding according to [13] requires doubling the number of stator slots and wounding the coil windings around two stator teeth. Figure  4 shows the new winding topology with reduced 7 th harmonic according to proposed technique. Hence, as is shown the realization of a new winding with the main objective reducing of the 7 th harmonic makes the motor design a little bit more complicated (requires a doubled number of stator slots), but the short end-windings of the initial 12-slots/10-poles design remain unchanged even for this new 24-slots/10-poles design. The above figure 3 shows also that it is possible to reduce the 7 th harmonic down to zero if the shifting angle is chosen just a little bit larger than 2.5 τ α . The realization of such winding type can be performed using a stator core with different tooth width as is illustrated in the following figure 5-a [13] . By selecting the tooth width in the proper way the specific MMF harmonics further can be reduced. 1) Of course the same procedure can be used also for reduction of the 5 th harmonic if the 7 th harmonic is used as working harmonic.
Of course, even the 7 th high harmonic is completely reduced using the above proposed techniques, the 1 st sub-harmonic still is present. According to the figure 3, this harmonic component is reduced just about 20% but it still is a serious problem for the rotor losses (especially for surface magnets rotor). Therefore, in [13 and 14] different methods are proposed for an effective reduction of this component: 1). using different turns per coil for the neighbouring phase coils [13] , or 2). using coil windings with different turns per coil side [14] . Figure 5 -a shows the winding distribution for the proposed solution-1 (for case of the simplicity only the phase-A is illustrated). With n1 and n2 are denoted the turns per coil for the first and the second coil, respectively (neighbouring coils of one phase). Further, A1 and A2 represent the coils of phase-A for the first and the second winding system, respectively. The corresponding MMF spectrum for the new winding topology is presented in figure 5-b. As well shown, using the new techniques the main unwanted harmonics such as the 1 st and 7 th are completely canceled. Further, it is shown that the 17 th harmonic is also reduced more than 50%. Therefore, having such improvements in the MMF spectrum leads to huge improvements on the PM machine performances, and make the new winding type attractive for designing also of other AC machines such as asynchronous machines or electrically excited synchronous machines. 
IV. DESIGN OF TWO PM MACHINES FOR HEV APPLICATION
A standard distributed winding topology with q=2 and with a short pitch winding of one slot, and the new 24-slot/10-poles winding are used in following for designing of two PM machines for hybrid electric vehicle (HEV) or battery electric vehicle (BEV) applications. As typical requirements for the automotive traction drive application, the following data are used:
• maximum DC-voltage U DC =300V,
• maximum short-time torque T max =250Nm @ 4700min -1 ,
• maximum speed n max =12000 min -1 and
• low torque ripple T ripple <5% (at low speed).
As the new motor design shall be compared to the most commonly used existing design (in following this will be named "standard design"), some additional boundary are fixed to ensure a fair comparison: same active volume (D Out =220mm, L Stack =130mm), air-gap length δ=1mm, same magnet volume, same maximum rotor mechanical stress, same demagnetization safety, and same operation temperature for the magnets and stator windings.
The following figure 6 shows the geometry of the designed motors. For the both investigated motors buried rotor topologies with tangentially insetted magnets in the rotor core are considered (8-poles rotor for the standard design, 10-poles rotor for the new motor design). A first comparison is performed concerning the torque ripple of the two motor designs. Figure 7 compares the torque vs. rotor position characteristics of both motor designs under high load operation condition. Regarding to the torque ripple, the new motor design is very advantageous compared with the standard design; the new motor design delivers a very smooth torque compared with the standard design. It is shown from figure 7 that the standard motor produces a torque ripple of about 16%, which is far beyond the acceptable limit (T ripple <5%). This ripple can be reduced by skewing, but then simultaneously the production costs will rise and the mean torque will deteriorate. Against that, the new motor design delivers a very smooth torque with a ripple of about 3%. Therefore, skewing is not necessary applying this design. The impact of the new motor design on the entire electric power train is investigated in [15 to 17] . As an example, the characteristics of a typical future battery electric vehicle are taken. The efficiency of both machines are compared in the entire torque-speed plane. Figures 8 and 9 show these characteristics (also called "efficiency map") for the standard motor and the new developed motor, respectively. The efficiency map is calculated using FE methods. It can be deduced from these figures that the maximum efficiency is advantageous for the new motor design (97% against 95%). Even more important is that the efficiency at low-load operation is considerably better for the new motor design. The outstanding features for low-load operation become even more obvious, if the efficiency difference of both motors is plotted in a torque-speed-plane, see the following figure 10.
III.1 AIR-GAP FLUX DENSITY COMPONENTS
Driving cycle simulations performed in [15] [16] [17] show that the new motor design leads to considerably lower losses (depending on the regarded driving cycle up to 20% in the motor) compared with the standard design, resulting in prominent advantages for the entire electric power train. 
V. CONCLUSION
The fractional 12-slots/10-poles tooth concentrated winding is characterized with high space harmonics which result to undesirable effects on electric machine, such as localised core saturation, eddy current loss in the magnets and noise and vibration. A new method is presented in this paper to reduce simultaneously the sub-and the high-harmonics of the winding MMF. The method is based on doubling the number of stator slots, using two identical winding systems connected in series and shifted to each other for a specific angle, using stator core with different tooth width and using different turns per coil for the neighbouring phase coils.
Two PM machines for HEV or BEV application are designed using the new winding and a conventionally distributed winding. Comparing the machine characteristics for the designed motors, e.g. torque ripple and efficiency, the new winding topology shows clearly better performances compared with the standard distributed winding.
The exemplary calculation in this paper was performed for a PM machine. Nevertheless, this new winding is applicable also to other machine topologies, like induction machines and electrically excited synchronous machines. In addition, the described principles to reduce the MMF harmonics are applicable to any concentrated winding topology. 
